ABSTRACT. DNA barcoding is a desirable tool for medicinal product authentication. DNA barcoding is a method for species identification using short DNA sequences that are conserved within species, but variable between species. Unlike animals, there is no single universal DNA barcode locus for plants. Coding markers, matK and rbcL, and noncoding markers, trnH-psbA (chloroplast) and ITS2 (nuclear), have been reported to be suitable for the DNA barcoding of plants with varying degree of success. Sixty-four accessions from 20 species of the medicinal plant Cassia were collected, and analyzed for these 4 DNA barcoding markers. PCR amplification was 100% successful for all 4 markers, while intra-species divergence was 0 for all 4 Cassia species in which multiple accessions were studied. Assuming 1.0% divergence as the minimum requirement for discriminating 2 species, the 4 markers could only differentiate 15 to 65% of the species studied when used separately. Adding indels to the divergence increased the percentage of species discrimination by trnH-psbA to 90%. In 2-locus barcoding, while matK+rbcL (which is recommended by Consortium for the Barcoding of Life) discriminated 90% of the species, the other combinations of matK+ITS and rbcL+trnH-psbA showed 100% species discrimination. However, matK is plagued with primer issues. The combination of rbcL+trnH-psbA provided the most accurate (100% species ID) and efficient tiered DNA barcoding tool for the authentication of Cassia medicinal products.
INTRODUCTION
Cassia L. is a highly valued medicinal plant that has considerable commercial importance, but is jeopardized by product substitution. The traditional Indian system of medicine recognizes several Cassia species with medicinal value (Singh, 2001; Cho et al., 2007; Khare, 2007; Farswan et al., 2009) , of which some are traded in the range of 100 to 10,000 metric tons per year as commercial products (Ved and Goraya, 2007) . While seeds are commonly used for producing medicines, leaves, bark, root, and flower are also used. These plant parts are chiefly collected from wild-grown plants, with the possibility of accidental species admixtures, misidentification due to morphological resemblances, and exploitation due to its high commercial value. Species authentication using DNA barcoding presents a desirable tool, but has yet to be validated in its ability to authentic Cassia species used in medicinal products.
Cassia is mainly distributed in tropical to warm temperate regions of the world. There are about 645 species in this genus (Mabberley, 2005) belonging to the family Caesalpiniaceae. The diversity of life forms in Cassia is high, and includes herbs, shrubs, and small to large trees that colonize a wide range of habitats. Based on morphological traits, Irwin and Barneby (1981) have presented a revised classification, in which the genus Cassia was elevated to the subtribe level as Cassiinae and Senna Mill. based on the straightness or curvature of the filaments, presence or absence of bracteole, and dehiscence nature of fruits. The revised classification is widely accepted in many parts of the world, including India. A monographic study on Cassiinae in India by Singh (2001) documented considerable species diversity in Senna (43 species), Chamaecrista (11 species), and Cassia (8 species). However, other studies based on morphological and molecular data have reported that the monophyletic relationship among Cassia, Chamaecrista, and Senna remains unclear (Doyle et al., 2000; Bruneau et al., 2001; Kajita et al., 2001) . Hence, in the present study, we have treated all the species under the broader sense, i.e., Cassia L.
At present, there is no standard DNA barcode region for herbal product authentication. In 2009, the Consortium for the Barcoding of Life (CBOL) evaluated 7 promising DNA barcoding loci in plants, which was based on a large data set. Based on species discrimination, the trnH-psbA intergenic region was ranked the best single-locus barcode; however, it had problems in obtaining high-quality bidirectional sequences, and showed extensive size variations. Therefore, CBOL has recommended matK and rbcL as a 2-locus standard barcode for plants. However, the matK locus requires improvements in primers to enable universal amplification. In addition, the combined discriminatory power of the 2 selected loci was not as high as that of other combinations from different regions (CBOL Plant Working Group, 2009) . As a result, CBOL proposed to review the research to assess the performance of these 2 markers after 18 months, and suggested to continue the study on other markers during this review period. Recently, the trnH-psbA intergenic region was reported to differentiate many medicinal plants, including 17 species of Dendrobium (Yao et al., 2009) , 16 species of Phyllanthus (Srirama et al., 2010) , and 8 species of Panax (Zuo et al., 2011) . In addition, research in China has documented success in barcoding medicinal plants using ITS2 (Chen et al., 2010; China Plant BOL Group et al., 2011; Sui et al., 2011) . Ultimately, to provide an effective authentication barcode, research and development for each medicinal plant of interest is required, which considers all of the candidate regions that have been proposed in the published literature including matK, rbcL, trnH-psbA, and ITS2.
Here, we conducted research and development of a barcode authentication tool to differentiate medicinal species of Cassia in India. We investigated different combinations of several candidate barcode regions (matK, rbcL, trnH-psbA, and ITS2) to produce the most accurate and efficient multi-locus DNA barcoding tool for the authentication of Cassia products.
MATERIAL AND METHODS
Leaf samples from 64 accessions belonging to 20 species of Cassia were collected from different parts of Tamil Nadu, India. This collection included one accession for each species, except C. tora, C. occidentalis, C. senna, and C. italic, for which 12 accessions were collected for each species. Total genomic DNA from all the samples was isolated according to Saghai-Maroof et al. (1984) , and 30-40 ng DNA was used as template for PCR. Primers for trnH-psbA (Code1F and Code1R) were designed by modifying the universal primers (psbA3_f and trnHf_05) reported by Kress et al. (2005) . Code1F (GTAAAACGACGGCCAGTGCGGC CGCGTTATGCATGAACGTAATGCTC) contains the M13F primer sequence (underlined) followed by a spacer with an NotI recognition sequence and psbA3_f primer sequence. Code1R (CAGGAAACAGCTATGACAGTCGACCGCGCATGGTGGATTCACAATCC) contains the M13R primer sequence (underlined) followed by a spacer with an SalI recognition sequence and trnHf_05 primer sequence. Primers already reported for matK (MatK-1RKIM-f and MatK-3FKIM-r, Ki-Joong Kim, School of Life Sciences and Biotechnology, Korea University, Korea, unpublished results), rbcL (rbcLa-F; Levin et al., 2003) , rbcL ajf634R , and ITS2 (Chen et al., 2010) were used without any modifications. PCR amplification was carried out in GeneAmp 9700 (Applied Biosystems, CA, USA) for 35 cycles, with a program setting of: initial denaturation at 94°C for 3 min, 35 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and final extension at 72°C for 5 min. The same program was used for the PCR amplification of all 4 barcode markers. The PCR products were separated by 1.0% agarose gel electrophoresis, and purified from the gel by using EZ-10 Spin Column DNA Gel Extraction Kit (Bio Basic Inc., Ontario, Canada). About 30 ng of gel purified PCR product was collected for automated DNA sequencing by a 3130xl Genetic Analyzer (Applied Biosystems). All PCR products were sequenced from both ends using M13F and M13R primers for trnH-psbA and the respective PCR primers all other markers.
The sequences were manually edited, and full-length sequences were obtained for all the PCR-amplified markers. Intra-species sequence variation was not found in any of the 4 species where 12 accessions per species were analyzed. Therefore, a DNA sequence from 1 accession per species was used for the pairwise alignments of the 20 species using the Needleman and Wunsch algorithm (http://www.ebi.ac.uk/Tools/psa/). Divergence was calculated as the percentage of mismatched nucleotides over the total number of aligned nucleotides. In the case of trnH-psbA, divergence, including indels, was calculated by adding the number of gaps to the number of mismatched nucleotides, and then calculating it as a percentage over the total number of aligned nucleotides. It has been suggested that 10 times the mean intra-species variation should be set as standard sequence threshold to differentiate congeneric species (Hebert et al., 2004) . Because intra-species divergence was 0 when estimated by the 4 markers from the 4 species in which multiple accessions were studied, 1% pairwise divergence was empirically set as the cut-off to authenticate the differentiation between 2 species.
The relationship of the classification structure of the species data to the molecular characters was analyzed with nonmetric multidimensional scaling (NMS) using the "R" software (Kruskal, 1964; Newmaster et al., 2008; R Core Team, 2012) . In NMS, the Bray-Curtis distance measure was used because of its robustness for both large and small scales on the axes. Data were standardized by species maxima and two-dimensional solutions were appropriately selected based on plotting a measure of fit ("stress") to the number of dimensions. Stress represents distortion in the data, whereby a stress value over 0.15 indicates that the results are invalidated (Primer Software, 2002) . One thousand iterations were used for each NMS run, using random start coordinates. The first 2 ordination axes were rotated to enhance interpretation with the different axes.
RESULTS
Four DNA barcoding markers matK, rbcL, trnH-psbA, and ITS2 were PCR amplified from 64 accessions that belong to 20 species of the genus Cassia, and full-length sequences were obtained by bidirectional sequencing. PCR amplification was 100% successful, confirming the suitability of the universal primers used in this study. As expected, size variation was not observed with the coding markers, rbcL and matK, whereas trnH-psbA showed the highest size variation. The size of the matK and rbcL markers was 836 and 607 bp, respectively. The size of the ITS2 marker showed minimal variation between 456 and 462 bp, except for 2 species with 429 and 430 bp. In contrast, the size of the trnH-psbA marker varied widely between 279 and 481 bp. The trnH-psbA marker was analyzed for the presence of microsatellites containing a minimum of six 'A' or 'T' mononucleotide repeats. Among the 20 Cassia species that were analyzed, 17 and 71, 'A' and 'T' repeats were obtained, respectively. The maximum length of the mononucleotide and dinucleotide repeats observed was 9 and 5, respectively. In addition, the pairwise alignment of the sequences in this marker revealed the presence of 1 to 71 indels in different species pairs. Divergence was separately calculated for all pairwise combinations of the 4 markers, and in combinations of 2 and 3 markers (Appendix S1). Intra-species divergence was 0 in the 4 species for which multiple accessions were analyzed.
For the single-locus barcode, the minimum divergence ranged between 0.0 and 0.27%, and species discrimination ranged between 15 and 65% for the 4 markers. When indels in the trnH-psbA marker were included, the minimum divergence increased from 0.27 to 0.55%, and species discrimination increased from 65 to 90%. Among the 6 2-locus barcode combinations that are possible with the 4 markers, the minimum divergence ranged between 0.2 and 2.7%, and species discrimination ranged between 90 and 100%. Among the 4 possible 3-locus barcode combinations, minimum divergence ranged between 1.84 and 3.37%, while species discrimination was 100% for all combinations (Table 1 Although rbcL does not differentiate all of the Cassia species, it does provide an appropriate 1st tier that is complemented by other regions in a 2-region barcode. The NMS ordination of rbcL indicates that some of the Cassia species exhibit relatively invariant sequences (Figure 1) . The NMS classification of the combined dataset (Figures 2, 3 and 4) showed that 2 regions are complementary, but that not all combinations of regions are equal. For instance, both the rbcL+matK and rbcL+ITS2 combinations do not resolve all Cassia species (Figure 2) . In fact, the poorest combination was rbcL+ITS2 (Figure 4) . The combination of rbcL+trnH-psbA provided considerable variation, which could be used to identify all species (Figure 3) . 
DISCUSSION
Species identification after phylogenetic analysis requires correct multiple sequence alignment, which is time-consuming and highly complicated if multiple indels are present. Therefore, pairwise alignment was conducted for all possible combinations, and divergence between species pairs was calculated to quantify the ability of the markers to differentiate the species.
As separate single-locus markers, none of the 4 markers could differentiate all 20 Cassia species. Therefore, the possibility of improving the species discriminating ability of the trnH-psbA marker was explored by including the indels, which are bonafide heritable variations, and reliable phylogenetic characteristics (Lloyd and Calder, 1991; Van Dijk et al., 1999) . Although, while minimum divergence did not increase significantly after including indels, mean divergence did, with species discrimination increasing from 65 to 90%, which is highly desirable for a single-locus barcode. However, the real concern with this marker is the formation of stutter PCR products, because of the presence of 'A' or 'T' mononucleotide repeats, which affect sequence quality in some samples (Devey et al., 2009) . While mononucleotide repeats with 8 or more nucleotides are highly vulnerable to the formation of stutter products in PCR with Taq DNA polymerase (Shinde et al., 2003) , their formation may be avoided in up to 15 mononucleotides by using Phusion DNA polymerase (Fazekas et al., 2010) . In our samples, the maximum length of the mononucleotide repeats was 9 bases; therefore, we experienced no sequencing difficulties, even though PCR was performed using Taq DNA polymerase.
Another potential problem with trnH-psbA marker is that its size may be as large as 1094 bp (Kress et al., 2005) , which exceeds the sequencing read length in Sanger's method. Therefore, M13F and M13R primers and the spacer sequences were added to enable us to read sequences that were closer to universal primers. We were able to read bases immediately after the 3'-end of the primers; however, this was not of added advantage because the maximum sized trnH-psbA marker in our samples was just 481 bp. While the additional sequences in the primers did not affect the success rate of PCR amplification in our samples, these sequences require systematic evaluation to identify any negative effect on PCR amplification.
Because the single-locus barcode did not provide sufficient discriminatory power, all possible 2-locus combinations were evaluated with the 4 markers to determine their ability to discriminate the species. The 2-locus barcode recommended by CBOL, using the 2 coding markers matK and rbcL, only showed 90% species discrimination. A similar level of species discrimination was observed when the 2 noncoding markers (ITS2+trnH-psbA) were combined. Two specific combinations of coding and noncoding markers, matK+ITS2 and rbcL+trnH-psbA, showed 100% species discrimination, based on divergence in pairwise comparisons. However, multivariate analysis using NMS clearly showed that rbcL+trnH-psbA exhibits stronger discriminatory power than matK+ITS2.
The literature supports a multiregion approach to the barcoding of plants (Kress et al., 2005; Cowan et al., 2006; Newmaster et al., 2006; Chase et al., 2005 Chase et al., , 2007 Kress and Erickson, 2007) . Previously, Newmaster et al. (2006) proposed a tiered, or nested, approach to this type of analysis as one way of overcoming the issue of alignment with noncoding regions, such as the trnH-psbA spacer. The tiered approach is based on the use of a common, easily amplified, and aligned region, such as rbcL, which acts as scaffold on which to place data from a highly variable noncoding region, such as trnH-psbA. Evaluation of the use of rbcL as a primary tier barcode demonstrated that it is appropriate because of its universality, ease of amplification, ease of alignment, and because there is a significant body of data available for evaluation (New-master et al., 2006; Chase et al., 2007) ; the analysis of these data has shown that rbcL is able to differentiate a large percentage of congeneric plant species (Newmaster et al., 2006) . Our research suggests that the best combination for discriminating Cassia species is rbcL+trnH-psbA, which showed 100% species discrimination. Although we used a multivariate analysis to evaluate sequence variation, there are a number of searching algorithms that are able to utilize the aligned portion to nest or localize a search, in addition to combinations of clustering and similarity methods (Little and Stevenson, 2007) or the analysis of multi-locus plant barcodes with a composition vector method based on adjustable weighted distance (Li et al., 2012) .
In conclusion, our research provides a tiered barcode authentication tool to differentiate the medicinal Cassia species in India. The combination of rbcL+trnH-psbA provides the most accurate (100% species ID) and efficient multi-locus DNA barcoding tool for the authentication of Cassia medicinal products. Single-locus barcoding did not differentiate the studied 20 Cassia species, with this limitation being supported by research on many other species of plants. Although the addition of indels to the pairwise divergence in trnH-psbA seems to increase the percentage of species discrimination, further confirmation is required after a more complete sampling of the genus. The multivariate analysis used here revealed considerable sequence variation that might easily differentiate all species of Cassia. Considering universal amplification and divergence, wherever necessary, trnH-psbA could serve as a supplementary marker to rbcL in a tiered barcode approach, in which other regions might be used as a second tier as needed. It is unlikely that more than 2 markers would be needed to sequence any specific group of plants.
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